Nucleophilic aromatic substitution (S N Ar) reactions of aryl halides, which allow for the formation of C(aryl)-heteroatom bonds, have been known since the 19 th century.
[1] Depending on the reaction conditions, several mechanisms are considered for this transformation. The most important of these is classical addition-elimination (S N Ar mechanism), for which halogens ortho or para to strong electron-withdrawing groups are substituted by heteroatom nucleophiles through Meisenheimer-Jackson complexes. [2] There is an abundance of literature reports, requiring classical or microwave heating, or sonochemical conditions, on the reactions of O-and N-nucleophiles with aryl halides (F, Cl, Br) activated by electron-withdrawing groups. [3] In particular, the nitro functionality acts as a highly activating group in S N Ar, due to its excellent ability to stabilize reaction intermediates through resonance structures. Another widely used method for C(aryl)-heteroatom bond formation requires the presence of transition metal catalysts for the coupling of nucleophiles with non-activated and activated aryl halides. [4] Thus, electron-deficient aryl iodides, bromides, chlorides and even fluorides have been used in various metal-catalyzed protocols. However, the latter two reagents in particular are excellent substrates for S N Ar reactions. From a purely theoretical point of view, one could therefore question the necessity of added metals in some of the corresponding systems. In the same vein, even for activated aryl iodides, which are the worst substrates for S N Ar reactions, some rare examples of coupling with nucleophiles in metal-free conditions have been reported. These examples make use of the highly activated 1-iodo-4-nitrobenzene under either microwave/sonochemical [5] or thermal conditions, [6] as well as 4-iodobenzonitrile and 4-iodoacetophenone, as reported previously by our group.
[6b]
Herein, we wish to disclose our study on reactions of electrondeficient aryl halides with aromatic heteroatom (O-and N-) nucleophiles, from which unexpected results were obtained.
Taking into account the rare previous literature reports on S N Ar reactions of phenols with 1-iodo-4-nitrobenzene, [6] the reaction of the latter with 3,5-dimethylphenol was first revisited. Indeed, this type of nucleophilic aromatic substitution involving electron-poor aryl iodides, even substituted by the strongly activating NO 2 group, is not really expected. In our first test, a blank experiment in the absence of a base, no reaction occurred at 90 °C in DMF, a classical solvent for S N Ar (Table 1 , entry 1). However, in these conditions, the desired diaryl ether 1 was quantitatively formed by addition of Cs 2 CO 3 , while changing the base to K 3 PO 4 also gave an almost complete conversion (Table 1, entries 2 and 3) . [7] On the other hand, using K 2 CO 3 led to a good yield and LiOtBu gave fair results ( Although these results tend to confirm preliminary reports on S N Ar reactions of 1-iodo-4-nitrobenzene, [6] we controlled the purity of the reagents to detect the possibility of catalysis by trace metal contaminants. [9] Cs 2 CO 3 was purchased from SigmaAldrich (99.995% trace metals basis) and Alfa Aesar (99.994% trace metals basis). For the latter, a certificate of analysis was available and indicates that metals known to catalyze such reactions (mainly palladium, copper and rhodium) were not detected in measurable amounts by Inductively Coupled Plasma (ICP) analysis. [10] In addition, both reaction partners (3,5- dimethylphenol and 1-iodo-4-nitrobenzene) were carefully purified by column chromatography, and reactions were conducted in brand new glassware using magnetic stirrers treated with aqua regia prior to use. Even with those precautions, the reactivity remained essentially the same for every individual reaction.
We next tried to extend the application field of the method to various phenols and activated aryl iodides. Note that except one previous report, [6b] aryl iodides substituted by a different group than NO 2 have never been used in S N Ar reactions. For each type of substituted aryl iodide, the comparison of its reactivity with the corresponding bromide and chloride was also undertaken, in order to verify the expected order of reactivity of aryl halides, which is I < Br ~ Cl according to the literature. Because of the high reactivity of nitro-substituted aryl halides, we tested their reactions at room temperature. We first observed that the reaction of 1-iodo-4-nitrobenzene with 3,5-dimethylphenol proceeded to completion at room temperature, although the reaction time was very long (Table 2, entry 1). As previously observed, increasing the temperature to 90 °C greatly reduced the required time (Table  2 , entry 1'). Reactions of the latter with 1-bromo, 1-chloro and 1-fluoro-4-nitrobenzene also furnished 1 in excellent yields at room temperature and in very acceptable reaction times for the two latters (Table 2 , entries 2-4). Furthermore, the order of reactivity of the four aryl halides is in good agreement with the literature for S N Ar. The reactions of phenol and 4-fluorophenol with 1-iodo-4-nitrobenzene in similar conditions also provided diaryl ethers 2 and 3 ( Table 2 , entries 5 and 6) in quantitative yields. For those two entries, conducting the reactions at 90 °C also greatly lowered the required times (Table 2 , entries 5' and 6'). When 1-iodo-2-nitrobenzene was used, a satisfying yield of 4 was obtained at 90 °C (Table 2 , entry 7). [11] Importantly, no trace of the desired product was detected when 1-iodo-3-nitrobenzene was reacted with 3,5-dimethylphenol at this temperature, demonstrating that an appropriate substitution pattern (ortho and para vs meta), typical of addition-elimination S N Ar reactions of aryl halides, is crucial for the reaction to proceed. In addition, aryl halides substituted by the cyano group were also tested. The reactions of 3,5-dimethylphenol with 4-iodo, 4-bromo and 4-chlorobenzonitrile furnished diaryl ether 5 in good yields at 120 °C (Table 2, entries 8-10). The difference of reactivity between the aryl halides was clearly highlighted when the temperature was lowered to 90 °C, as 4-iodobenzonitrile gave a significantly lower conversion than 4-bromo and 4- 
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O F 3 C 13 chlorobenzonitrile ( Table 2 , entries 8'-10'). Phenols substituted by various electron-withdrawing and -donating groups could be coupled with 4-iodobenzonitrile to give diaryl ethers 6-9 in yields ranging from 53 to 97%, demonstrating the generality of the method (Table 3 , entries [11] [12] [13] [14] . Moreover, when 2-iodobenzonitrile was used, an excellent 97% yield of diaryl ether 10 was obtained (Table 2 , entry 15).
The reactions of 4-haloacetophenones with 3,5-dimethylphenol were also investigated. It was observed that an elevated temperature (145 °C) is necessary to furnish the desired diaryl ether 11 in moderate to excellent yields (Table 2 , entries [16] [17] [18] . When the reactions were repeated at 120 °C with the 3 aryl halides, the best conversion was obtained in the case of 4-bromoacetophenone, while 4-iodo and 4-chloroacetophenone gave modest results (Table 2 , entries 16'-18'). Trifluoromethyl, a weak electron-withdrawing group, was also tested. The reactions of 4-halobenzotrifluorides with 3,5-dimethylphenol gave the corresponding product 12 in yields ranging from 60% to 91% at a surprisingly "low" temperature (145 °C), despite the weak activation of the trifluoromethyl group (Table 2 , entries 19-21). Even more surprising was the fact that the relative reactivity of those aryl halides decreased in the order I ~ Br > Cl, [12] which is not in perfect agreement with the literature. [1, 13] Moreover, the tendency was the same when the reactions were conducted at 120 °C (Table 2 , entries 19'-21'). Finally, a 65% yield of diaryl ether 13 was obtained by the reaction of 3,5-dimethylphenol with 2-iodobenzotrifluoride (Table 2, entry 22). It is of note that we never observed reduction products of the aryl iodides in these conditions, with the exception being the reaction using 1-iodo-2-nitrobenzene. The methodology was next extended to nitrogen nucleophiles (Table 3) . We tested the reactivity of azoles, pyrazole being chosen as the model substrate. The reaction of the latter with 1-iodo-4-nitrobenzene at 120 °C provided N-aryl azole 14 in excellent yield (Table 3 , entry 1). It was also possible to generate product 15 in very good yields from the corresponding 4-halobenzonitriles at 145 °C (Table 3 , entries 2-4) and product 16 in fair to good yields using 4-halobenzotrifluorides (Table 3 , entries 5-7). For the latter, 4-chlorobenzotrifluoride again proved to be less reactive than its iodo and bromo counterparts, as already observed for the reactions of these substrates with phenols. Conducting the reaction of imidazole or pyrrole with 1-iodo-4-nitrobenzene resulted in no conversion of the nucleophile, thus suggesting that an α-effect [14] is critical for the success of the coupling of azoles with aryl halides (Table 3 , entry 8). Indeed, carrying out the reaction between 1,2,4-triazole and 1-iodo-4-nitrobenzene furnished N-aryl azole 17 in very good yield (Table  3 , entry 9). In the literature, the arylation of phenols or nitrogen heterocycles involving electron-deficient iodo, bromo, and sometimes chloroarenes, is described at comparable or lower temperatures than in our study, via transition metal-catalyzed protocols (mainly involving copper and palladium). However, the need for the catalyst and/or the reaction temperature for which its use is required is not always evident because the blank experiments in the absence of metals are often missing or concern the simplest category of substrates (halobenzenes).
For example, concerning the C-O bond formation in the case of halonitroarenes, it is clear from our study ( Table 2 ) that the use of a metal catalyst will rarely be necessary. Indeed, even for iodoarenes, which are the worst for S N Ar reactions, good to excellent yields of diarylethers 1-4 were obtained at a very reasonable temperature and reaction time (90 °C/18 h: Table 1 , entries 1', 5', 6' and 7).
With the less activating cyano substituent, the same conclusion may be drawn for the arylation at 90 °C, without catalyst, of 3,5-dimethylphenol with chloro-and bromoarenes (Table 2, entries 9' and 10'). As expected, a higher temperature (120 °C) was necessary in S N Ar conditions for the arylation in excellent yields of various phenols with iodobenzonitriles (Table  2 , entries 8, 11-15). However, if the use of a metal catalyst is not necessary in this case, its use is mandatory when working at lower temperatures. For example, no trace of diaryl ether 5 was obtained by reacting 3,5-dimethylphenol with 2-iodobenzonitrile at 50 °C (compared with 83 % yield at 120 °C). [15] On the other hand, conducting the reaction at 50 °C in the presence of CuI (0.5 mol %) and 2,2,6,6-tetramethylheptanedione (1 mol %, TMHD) provided a very low 5% yield of the desired diaryl ether 5 (Scheme 1). With a quite high loading in copper (10 mol %) and ligand (20 mol %), a quantitative yield was obtained. Thus, two mechanistic pathways seemingly compete. The choice of metal-catalyzed or S N Ar conditions would depend on the temperature threshold tolerated by the substituents on the aromatic cycles and/or on the eventual interest to avoid metal traces, for example in the synthesis of molecules of pharmaceutical interest.
With the acetyl substituent, the presence of a catalyst is not necessary at 145 °C (Table 2, entries [16] [17] [18] . At 120 °C, the yield in coupling product is particularly low for the iodo derivative (Table 2, 20 mol %). Importantly, we observed an unexpected effect in the blank tests we performed during this study. Indeed, in the presence of the β-diketone (without copper), [16] the conversion of 3,5-dimethylphenol to diaryl ether 11 was increased from 45% to 65% and 92% with respectively 0.2 and 2 equiv of TMHD in otherwise unchanged conditions (Table 4 , entries 1-3). For 4-bromoacetophenone, a similar enhancement of conversion to diaryl ether 11 was observed. Addition of only 0.2 equiv of TMHD increased the conversion from 75% to 100% (Table 4 , entries 4-5). On the contrary, addition of 0.2 equiv of TMHD did not have any effect on the coupling reaction for 4-chloroacetophenone (Table 4 , entries 6-7). Concerning the trifluoromethyl substituent, the yields in coupling products are good at 145 °C, but disappointing at 120 °C ( Table 2 , entries 19-21'). Noticeably, no similar positive effect was observed when the β-diketone alone was added to the reaction of 3,5-dimethylphenol and 4-iodobenzotrifluoride at these elevated temperatures. Table 4 . The effect of the addition of 2,2,6,6-tetramethylheptanedione on the arylation of 3,5-dimethylphenol with 4-haloacetophenones without added copper catalysts. On the basis of our general results, one could consider in some cases that trace metals are involved in the reactions presented in this article. [9] For the C-O bond formation (Table 2) , this would give an explanation to the fact that the reaction of 3,5-dimethylphenol with 4-iodobenzotrifluoride invariably proceeds with better conversion (and chemical yield) than the one with 4-chlorobenzotrifluoride ( Table 2 , compare entries 19 and 19' with 21 and 21'), as iodine is a better leaving group in metalcatalyzed coupling reactions. Indeed, one could imagine that catalysis plays a more important role than S N Ar when the electron-withdrawing group is not sufficiently strong (CF 3 or MeCO vs NO 2 for example). For the C-N bond formation (Table  3) , the same hypothesis can be proposed for the reactions of pyrazoles at 145 °C, which are easier with 4-iodobenzotrifluoride than with 4-chlorobenzotrifluoride (Table 3 , entries 5 and 7). For the results presented in Table 4 , a similar argument could be applied. Thus, in reactions of iodo-and bromo-substituted acetophenones, the addition of the β-diketone could enhance the reactivity of transition metals that may already be present in the reaction mixture. The fact that the reactivity of 4-chloroacetophenone was unchanged by the addition of a ligand suggests that, in this case, nucleophilic aromatic substitution alone explains phenol arylation.
Such an effect has been disclosed for copper-catalyzed arylation of nucleophiles with iodoarenes using N-N'-dimethylethylenediamine (DMEDA).
[17] The presence of the diamine ligand is thought to increase the potency of the catalyst, which is present in part-per-million loadings. Interestingly, the ligand to metal ratio needs to be very high, otherwise no coupling takes place. In our case, the use of DMEDA did not provide any enhancement to the reactions described in Table 4 . Trace amounts of transition metals, which could have an effect on the reaction outcome when the β-diketone is added, may ultimately be provided by any of the reagents used in the arylations. However, it would be rather surprising, considering that phenols, aryl halides, 2,2,6,6-tetramethylheptanedione and DMF were extensively purified beforehand, and cesium carbonate was obtained in the highest purity (99.995%) commercially available.
Moreover, some of our results do not support the intervention of metal catalysis. For example, the absence of "ligand" effect (without copper) on the coupling of 4-iodobenzotrifluoride is not in accordance with this hypothesis. The same applies for the coupling of 3,5-dimethylphenol with 4-iodoacetophenone in the presence of 20 mol % of TMHD. In this case, a 65% yield of coupling product is obtained, while a quantitative yield is obtained by using 4-bromoacetophenone (Table 4 , entries 2 and 7). Metal catalysis should arguably favour the reaction of the iodoarene, or at least give comparable yields. However, it seems unlikely that the β-diketone can alone promote coupling reactions between phenols and aryl halides.
Note that these reactions could eventually proceed via aryne intermediates (benzyne mechanism), albeit strong bases are traditionally required for this type of S N Ar, which traditionnally gives mixtures of regioisomers. However, we never experienced selectivity problems, even at elevated temperatures. [18] Concerning the possibility of free-radical S N Ar mechanisms (S RN 1), radical scavengers TEMPO, galvinoxyl and acrylonitrile failed to inhibit the reactions shown in Table 2 , suggesting that radicals are not involved.
In summary, we have reported conditions for reactions of aromatic heteroatom nucleophiles with electron-deficient aryl halides without the need for added transition metal salts. It appears from this study that before using metal catalysts, blank experiments in their absence are necessary for every activated aryl halides, including iodides. Incidentally, those tests are often missing in the literature or concern the simplest category of substrates (halobenzenes). The choice between S N Ar and catalysis would then depend on the temperature threshold tolerated by the substrates and/or on the eventual interest to avoid metal traces, for example in the synthesis of molecules of pharmaceutical interest.
We do not have clear hypotheses for the possible reaction pathways. With regard to the great care with which we undertook this study, it would seem unwise to affirm that the reactions of activated iodo and bromoarenes described herein are catalyzed by trace amounts of transition metals. On the contrary, some results, which include the unexpected "ligand" effect observed for the arylation of 3,5-dimethylphenol with 4-iodo and 4-bromoacetophenone, lend weight to this theory.
Theoretically determining the frontier between nucleophilic aromatic substitution and catalysis will likely prove to be much harder than is generally thought. 
Experimental section
General procedures for isolation and full characterization of every product, as well as optimization tables, are reported in the Supporting Information.
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A study on the arylation of heteroatom nucleophiles using activated haloarenes with or without added metal catalysts is reported. Moreover, a discussion on the involvement of traces of metals is presented, backed by an unexpected "ligand" effect in the absence of added metal catalysts. We believe that the frontier between nucleophilic aromatic substitution and catalysis will likely prove to be much harder to delimit than is generally thought. 
